ABSTRACT Corn engineered to produce the Cry3Bb1 protein from Bacillus thuringiensis Berliner (Bt) has provided unprecedented control for corn rootworm (Diabrotica virgifera virgifera Le Conte). However, accumulation and persistence of plant-produced Bt protein in soils may occur where Bt crops are repeatedly grown and residues of the crop plants are incorporated into the soil. If Bt protein is released into the soil rhizosphere, it may affect soil organisms. Studies were conducted to determine the effect of Bt or non-Bt corn roots and biomass on the weight and mortality of the earthworm, Lumbricus terrestris L. with different exposure methods and times. Enzyme-linked immunosorbent assay (ELISA) was conducted to determine if the Cry3Bb1 protein was present in the soil from the gut and excreta of earthworms. Results of these studies showed that there were no signiÞcant differences in weight and percent mortality of earthworms in soil planted or not planted with Bt and non-Bt corn or in soil containing ground air-dried biomass of Bt and non-Bt plants. Cry3Bb1 protein was detected in the soil from pots and the gut and excreta of earthworms exposed to Bt roots or biomass, whereas it was absent in soil from pot, the gut and excreta of earthworms exposed to roots or biomass of non-Bt corn. There was no signiÞcant difference in the amount of the protein recovered from pots or the gut or excreta of earthworms exposed to soils containing Bt roots or biomass for 12 or 33 d.
Corn rootworms are among the most pernicious insect pests in corn (Zea mays L.), accounting for an estimated $1,000,000,000 of annually in yield losses and control costs in the United States (Metcalf 1986 , Agricultural Research Service 2001 . The western corn rootworm (Diabrotica virgifera virgifera LeConte) and northern corn rootworm (Diabrotica barberi Smith and Lawrence) are the two most important corn rootworms causing the most damage in the Corn Belt (Steffey et al. 1999 , Whitworth et al. 2002 . The larvae of corn rootworms feed on corn roots below the soil surface. Larval feeding signiÞ-cantly reduce grain yield by reducing plant ability to absorb water and nutrients and by increasing plant susceptibility to lodging (Levine and Oloumi-Sadeghi 1991 , Steffey et al. 1999 , Sloderbeck et al. 2004 ). Rootworm larvae can also transmit viral, bacterial, and fungal diseases to corn plants (Pleau et al. 2002) . Currently crop rotation, foliar applications of insecticides targeted at the beetles to prevent egg laying, and soil insecticide applications at planting time to protect roots are common options used to manage corn rootworms in corn (Peairs and Pilcher 2001) . Each of these management options has its own limitations and has occasionally failed in controlling corn rootworm populations (Chandler et al. 2000 , Rice 2003 . In fact, corn rootworms have become one of the most challenging pests in corn because of development of resistance to several classes of insecticides and biological adaptation to crop rotation .
In early 2003, a new transgenic corn hybrid (YieldGard Rootworm) became commercially available to resist corn rootworm larval feeding (Payne et al. 2003 , Rice 2003 . The hybrid, containing a gene from Bacillus thuringiensis (Bt) kumamotoensis that expresses a Cry3Bb1 protein, has provided effective control of corn rootworm larvae Rice 2001, Tollefson and Oleson 2002) .
Corn engineered to produce the Bt protein has provided unprecedented control of many important insect pest(s) and prevented yield loss as well as reduced the use of insecticides on corn (Munkvold et al. 1999 , Munkvold and Hellmich 2000 , Shelton et al. 2002 . The Bt corn hectarage is likely to increase continuously over the next few years because of availability of Bt corn for corn rootworm in United States, where Ϸ18% of 80 million corn acres are currently treated with insecticide for corn rootworm management (James 2002) . Adoption of corn rootworm transgenic hybrids is expected to be much greater than has occurred for Bt hybrids for the control of the Euro-pean corn borer [Ostrinia nubilalis (Hü bner)] because of the predictability of pest outbreaks based on current year populations (Gray 1999) . In addition, the Environmental Protection Agency (EPA) also approved the registration of YieldGard Plus, which provides growers with a seed genetically modiÞed to control both European corn borer and corn rootworm.
One important concern associated with the rapid adoption of these transgenic Bt crops is their potential effects on nontarget organisms. Because the level of Cry3Bb1 protein in Bt corn for corn rootworm control is high in all tissues compared with Bt corn that targets Lepidoptera species, the degree of risk to soil organisms may be high (U.S. EPA 2000). Earthworms play a variety of important roles in soil because they are known for their ability to mix the soil, increase rates of water inÞltration, improve soil aeration, and build soil structure (Mackay and Kladivko 1985) . They also have important roles in nutrient cycling (Blair et al. 1997 ) and stimulating the biological activity of the soil (Doube and Brown 1998) . Lumbricus terrestris L. (Annelida: Lumbricidae) is the common nightcrawler species in the northern United States and mainly feeds on leaves with roots as a minor component of the diet (Lee 1985) . Kladivko et al. (1997) measured earthworm densities in soil that had been devoted to various agricultural production systems for at least 10 yr near West Lafayette, IN, and reported 10 earthworms/m 2 in continuous corn, plowed compared with 20 earthworms/m 2 in continuous corn, no-till. Exposures of soil organisms to the Bt proteins can come from crop residues (Zwahlen et al. 2003a) , as well as roots themselves (Saxena et al. 1999, Saxena and Stotzky 2000) during and after the growing season. In addition, some exposure might be caused by the deposition of pollen released during tasseling (Zwahlen et al. 2003b) . Studies with different Bt proteins suggest they may be present in root exudates or biomass, where it may bind rapidly and tightly to clays and humic acids and remain biologically active in the soil for several months (Palm et al. 1994 , Crecchio and Stotzky 1998 , Tapp and Stotzky 1998 , Saxena et al. 1999 , Saxena and Stotzky 2000 . Thus, accumulation and persistence of plant produced Bt proteins in soils may occur where the crops are repeatedly grown and residues of the crop plants are incorporated into the soil Stotzky 1995, Crecchio and . Based on these studies, long-term exposure of nontarget soil organisms is plausible Stotzky 2001, Saxena et al. 2002) . Zwahlen et al. (2003a) studied the degradation of Bt protein in corn residues remaining in the Þeld after harvest in autumn. They reported none or less degradation of the Cry1Ab protein in corn plant residues during the Þrst 2 mo and with a low amount of protein remaining until late spring. However, some studies with Bt corn (Cry3Aa and Cry1Ab), have found that these proteins do not persist and are broken down in the soil in generally Ͻ20 d (Ream et al. 1994 , Sims and Holden 1996 , Palm et al. 1996 . Hopkins and Gregorich (2003) suggested that much of the Bt protein in crop residues quickly decomposes in soil, but that a small fraction may be protected from decay in relatively recalcitrant residues. Head et al. (2002) showed that the amount of Cry1Ac protein accumulated was extremely low in soils where transgenic Bt cotton had been continuously grown and subsequently incorporated into the soil.
Among nontarget soil organisms, earthworms are probably exposed to any residual Bt proteins in the soil as they can ingest some soil. Ahl Goy et al. (1995) did not Þnd any negative effects on mortality or weight gain of the epigeic species Eisenia foetida (Savigny) when exposed to Bt corn expressing the Cry1Ab protein for 14 d. Sexena and Stotzky (2001) reported no signiÞcant difference in the percent mortality and weight of earthworms (L. terrestris) when exposed to soil planted with Bt (Cry1Ab) or non-Bt corn for 40 d or to soil amended with Bt (Cry1Ab) or non-Bt biomass for 45 d. Similarly, Zwahlen et al. (2003b) found no lethal effects of transgenic Bt corn (expressing Cry1Ab) on immature and adult earthworms when fed Bt corn litter for 150 d.
Bt corn expressing the Cry3Bb1 protein for corn rootworm control has only recently been made commercially available, and until now, the data in support of the safety of the Cry3Bb1 protein to below ground nontarget organisms have been limited. The objectives of this study were to determine the effect of transgenic Bt corn expressing the Cry3Bb1 protein on survival and weight of earthworms (L. terrestris) exposed to soil containing corn roots or biomass and to determine the presence of the Cry3Bb1 protein in soils containing transgenic Bt corn roots or biomass and soil from the gut and excreta of earthworms by enzymelinked immunosorbent assay (ELISA).
Materials and Methods
Soil. Sunshine Mix #1, which contains peat moss, perlite, major and minor nutrients, gypsum, and dolomitic lime was obtained from SunGro Horticulture, Bellevue, WA. Sunshine Mix #1 was amended to 25% (vol/vol) with clay to improve the chances of Bt protein binding. Saxena and Stotzky (2001) reported that Bt protein adsorbs and binds rapidly on surface-active particles (e.g., clays and humic substances) in soil and remains active for at least 180 d. This Sunshine Mix #1-clay mixture, with the physicochemical characteristics pH 5.3, 7.6% organic matter, 28% sand, 42% silt, and 30% clay, was used for each study.
Test Organism. A large number of medium-sized earthworms (L. terrestris), with well-developed clitellum that had not been exposed to any soil having exposure to Bt protein or insecticide residue, were obtained from Bass Pro Shops (Waterford, MI) packed in a foam cooler in Michigan peat. Voucher specimens of L. terrestris were submitted to the Insect and Prairie Arthropod Research Museum at Kansas State University.
Root Exposure. Three different greenhouse experiments were conducted with minor differences in their method of root exposure. Details about experimental design used in different experiments are sum-marized in Table 1 . Plastic pots were Þlled with Ϸ6 kg of Sunshine Mix #1-clay mixture. Three seeds of either Bt corn (YieldGard Rootworm) or a non-Bt isoline (provided by Monsanto Company) were planted in each pot in experiment 1. In experiments 2 and 3, one seed of Bt corn (YieldGard Rootworm) or non-Bt isoline was planted in each pot. Earthworms were starved for 24 h to allow them to excrete soil from their gut. The earthworms were weighed in groups of 25 using an electronic balance (Denver XS-210, Denver Instruments, Denver, CO) with a precision to the nearest 0.001 g. In experiment 1, mean weight (ϮSE) of the earthworms was 4.05 Ϯ 0.10 g for the non-Bt treatment, 4.14 Ϯ 0.09 g for the Bt treatment, and 4.02 Ϯ 0.09 g for the no plant treatment. Twenty-Þve medium-sized earthworms were placed on the soil surface and were kept overnight in pots at 27ЊC and a photoperiod of 10:14 (L:D) h to allow them to enter the soil. In experiment 1, earthworms were introduced before plant emergence. In experiment 2, earthworms were introduced into the pots when the corn plants were 20 and 36 d old to determine the effect of the different plant root densities and amount of root exudates. The treatments consisted of 20-d Bt and non-Bt plants and 36-d Bt and non-Bt plants. Each pot contained a plant, and the pots without plants were used as controls. In experiment 2, mean weight (ϮSE) of the earthworms before introducing to pots was 3.64 Ϯ 0.07 g for both non-Bt treatments, 3.55 Ϯ 0.09 g for both Bt treatments, and 3.64 Ϯ 0.08 g for both no plant treatments. In experiment 3, earthworms were introduced when the corn plants were 25 d old. The treatments were Bt corn, non-Bt isoline, and controls with no plants. Mean weight (ϮSE) of the earthworms before introducing to pots (recovered at 12 d) was 4.08 Ϯ 0.11 g for the non-Bt treatment, 4.16 Ϯ 0.16 g for the Bt treatment, and 4.12 Ϯ 0.15 g for the no plant treatment. However, mean weight (ϮSE) of the earthworms before introducing to pots (recovered at 33 d) was 3.37 Ϯ 0.11 g for the non-Bt treatment, 3.46 Ϯ 0.16 g for the Bt treatment, and 3.42 Ϯ 0.15 g for the no plant treatment. Soil water content was maintained at approximately Þeld capacity (amount of water held in the soil after drainage) to avoid water stress in plants throughout the study. The earthworms were recovered by gently shaking soil from the roots to dislodge adhering small clumps of soil. In experiments 1 and 2, earthworms were recovered 45 d after introduction, whereas they were recovered 12 and 33 d after introduction in experiment 3. The earthworms in each pot were counted, and their weight was determined in groups after being starved for 24 h at the end of the respective exposure duration in each experiment.
Biomass Exposure. Two different experiments were conducted with minor differences in their methods of biomass exposures. One thousand grams of soil mixture amended with 2% (wt:wt) of ground, air-dried biomass of Bt corn or non-Bt corn (physiological maturity stage; leaves, stems, and roots) was placed into each of four 2.84-liter transparent canisters (Rubbermaid Home Products, Wooster, OH) with a lid that had a hole (4.5 by 4.5 cm) covered with Þne mesh netting to allow air circulation. The control canisters received no biomass. Earthworms were starved for 24 h to allow them to excrete soil from their gut. The earthworms were weighed in groups of 10. In experiment 1, mean weight (ϮSE) of the earthworms before introducing to canisters was 3.77 Ϯ 0.07 g for the non-Bt treatment, 3.98 Ϯ 0.10 g for the Bt treatment, and 3.79 Ϯ 0.03 g for the no biomass treatment. In experiment 2, mean weight (ϮSE) of the earthworms before introducing to canisters (recovered at 12 d) was 3.47 Ϯ 0.14 g for the non-Bt treatment, 3.36 Ϯ 0.12 g for the Bt treatment, and 3.41 Ϯ 0.15 g for the no biomass treatment. However, mean weight (ϮSE) of the earthworms before introducing to canisters (recovered at 33 d) was 2.77 Ϯ 0.15 g for the non-Bt treatment, 2.85 Ϯ 0.11 g for the Bt treatment, and 2.78 Ϯ 0.09 g for the no biomass treatment. Ten medium-sized earthworms were added to each of four canisters in each treatment. All canisters were kept at 27ЊC and a photoperiod of 10:14 (L:D) h with soil water content maintained at approximately Þeld capacity. The earthworms were exposed to Bt or non-Bt biomass for 45 d in experiment 1 and 12 or 33 d in experiment 2. The earthworms in each canister were counted, and their weight was determined in groups after being starved for 24 h at the end of the respective exposure duration in each experiment.
Protein Quantification. Samples of soils from the pots and guts and excreta of the earthworm in root exposure experiment 3 and biomass exposure experiment 2 were used to determine the presence of Cry3Bb1 protein by ELISA. Soil samples from all pots and canisters were collected at the time of earthworm recovery. Five earthworms from each pot and three earthworms from each canister were kept at Ϫ20ЊC for 1 h to kill them for dissection. They were dissected on ice to get soil from their guts. Five earthworms from each pot and from each canister were gently transferred to a tray and were starved for 24 h at 27ЊC to allow them to excrete soil from their gut. All the samples were stored in 1.5-ml microcentrifuge tubes at Ϫ80ЊC until analysis.
ELISA. The ELISA used in this study involved two steps: protein extraction and quantiÞcation. The extraction buffer (pH 10.5), consisting of 50 mM sodium borate, 0.75 M potassium chloride, 10 mM ascorbic acid, and 0.075% (vol:vol) Tween 20, was used to extract Cry3Bb1 protein from soil samples as described by Palm et al. (1994) . Samples of soil (0.5 g/sample) from the pot and the gut and excreta of earthworms were homogenized in 1 ml of extraction buffer for 90 s using a hand-held tissue tearor (Biospec, Bartlesville, OK). Immediately after homogenization, the homogenates were centrifuged using Micromax microcentrifuge (International Equipment Co., Needham Heights, MA) at 13,000g for 10 min at 4ЊC. The supernatants were transferred into new 1.5-ml centrifuge tubes held on ice. The supernatant was analyzed using doubleantibody sandwich ELISA with PathoScreen kit for detecting Cry3Bb1 protein (Agdia, Elkhart, IN). The limit of detection of this ELISA kit is 1 ng/ml protein for extracted samples. The supernatants (100 l/test well) were dispensed into the appropriate test wells of the ELISA plate coated with the antibodies. After the plate was incubated in a humid box for 2 h at 27ЊC, the contents of the test wells were emptied into a sink with a quick ßipping motion. The plate was washed six times; each by adding 200 l 1ϫ phosphate-buffered saline with Tween 20 (PBST) wash buffer into each test well using a multi-12 channel pipetter. The plate was soaked with 200 l 1ϫ PBST wash buffer and kept for 3 min at 27ЊC inside the humid box. Again, the content of the test wells were emptied into a sink with a quick ßipping motion and tapped Þrmly on a folded paper towel to remove the remaining drops of buffer from the wells. The amount of peroxidase enzyme conjugate was diluted with ECM buffer (0.1 g dried milk ϩ 25 ml 1ϫ PBST) at a ratio of 1:100.
One hundred microliters of diluted enzyme conjugate was dispensed into each well of the plate. The plate was incubated again for 2 h and subsequently washed and soaked with the 1ϫ PBST wash buffer as described before. After 100 l of the tetramethyl benzidine (TMB) substrate solution was dispensed into each well of the plate, the plate was incubated in a humid box for Ϸ30 min at 27ЊC. The optical density of the test wells was analyzed by a V max enzyme kinetic microplate reader (Molecular Devices, Sunnyvale CA) at 650 nm. A seven-point standard curve established by puriÞed Cry3Bb1 standard protein was used to quantify Cry3Bb1 in the samples. Cry3Bb1 standard protein concentrations were logarithmically transformed and Þtted with a linear regression model for estimation of Cry3Bb1 protein levels in soil samples from pots, the gut and excreta of earthworms.
Efficiency of Extraction of Protein. To determine the efÞciency of Cry3Bb1 extraction, samples of soil (0.5 g) from the pot, guts and excreta of earthworms exposed to non-Bt corn were mixed with different amounts (80, 40, 20, 10 , and 5 ng) of puriÞed Cry3Bb1 protein. The mixture was vortexed for 1 min to distribute the protein uniformly. After the mixtures were kept for 2 h at 27ЊC, Cry3Bb1 was extracted and analyzed using the same procedures as described above.
Statistical Analysis. Data for percent mortalities were transformed with arcsine square root [arcsine ͌(percent mortality/100)] to stabilize error variance (Gomez and Gomez 1984) and analyzed using analysis of variance (ANOVA). Means were compared by carrying out the least-squares means (LSMEANS) procedure (P ϭ 0.05) of the general linear model (PROC GLM) (SAS Institute 2003) . Although all tests of signiÞcance were based on the transformed data, the untransformed percent mortalities are reported. Data for weight at the end of the respective exposure duration in each experiment were analyzed using ANOVA, and means were compared by carrying out the LSMEANS procedure (P ϭ 0.05) of PROC GLM (SAS Institute 2003). The amount of the protein recovered from the pots and the guts and the excreta of earthworms exposed to soils containing Bt roots or biomass were compared using PROC TTEST and PROC GLM (P ϭ 0.05) (SAS Institute 2003).
Results

Evaluation of the Effect by Root Exposure.
Overall, no signiÞcant differences in percent mortality and weight (g) of earthworms were observed when they were exposed to soil containing Bt or non-Bt corn roots. In experiment 1, there were no signiÞcant differences in percent mortality and weight (g) of earthworms after 45 d among all treatments (P ϭ 0.7845 and P ϭ 0.6774, respectively; Fig. 1, A and B) . In experiment 2, earthworms were released at two different plant ages (20 and 36 d after planting) and were recovered 45 d later. There were no signiÞcant differences in percent mortality and weight (g) of earthworms when they were exposed to soil with no plants and soil containing root systems of 20-d-old Bt or non-Bt corn plants (P ϭ 0.6618 and P ϭ 0.2045, respectively; Fig. 1, C and D) . Similarly, no signiÞcant differences occurred in percent mortality and weight (g) of earthworms when exposed to soil with no plants and soil containing root system of 36-d-old Bt or non-Bt plants (P ϭ 0.9171 and P ϭ 0.2572, respectively; Fig. 1, C and D) . In experiment 3, earthworms were introduced when the corn plants were 25 d old and exposed to Bt and non-Bt roots for 12 or 33 d. No signiÞcant differences occurred in percent mortality and weight (g) of earthworms among all treatments for 12-d (P ϭ 0.9540 and P ϭ 0.7426, respectively) and 33-d (P ϭ 0.9614 and P ϭ 0.8555, respectively) exposure (Fig. 1, E and F) .
Evaluations of the Effect by Biomass Exposure. No signiÞcant differences in percent mortality and weight (g) of earthworms occurred when earthworms were exposed for 45 d to soil with no biomass or soil containing ground air-dried biomass of Bt or non-Bt corn plants (P ϭ 0.8311 and P ϭ 0.7258, respectively; Fig. 2,  A and B) . In experiment 2, no signiÞcant differences occurred in percent mortality of earthworm when exposed for 12 and 33 d to soil with no biomass and soil containing ground air-dried biomass of Bt or non-Bt corn plants (P ϭ 0.1353 and P ϭ 0.5440, respectively; Fig. 2C ). Similarly, no signiÞcant difference occurred among treatments in weight (g) of earthworms exposed for 12 and 33 d to soil with no biomass and soil containing ground air-dried biomass of Bt or non-Bt corn plants (P ϭ 0.7278 and P ϭ 0.1965, respectively; Fig. 2D) .
Determination of the Bt Protein by ELISA. To determine the extraction efÞciency of Cry3Bb1 from different soil samples, different amounts of puriÞed Cry3Bb1 (80, 40, 20, 10 , and 5 ng) were spiked to soil samples from the pots and the guts and excreta of earthworms exposed to non-Bt corn. The extraction efÞciency (%) of Cry3Bb1 was signiÞcantly higher in the soil samples from the pots (P ϭ Ͻ0.0001; Fig. 3A ), earthworm gut (P Յ 0.0001; Fig. 3B ), and earthworm excreta (P ϭ 0.0038; Fig. 3C ) when spiked at the high rates than those spiked at lower rates of Cry3Bb1 protein. A Þve-point standard curve was established to determine corrected amounts of Cry3Bb1 protein in dry soil from pots and the guts and excreta of earthworms based on its extraction efÞciency of protein in each type of soils (Fig. 3, AÐC) .
Cry3Bb1 protein was detected in soil from the pots or canisters and guts and excreta of earthworms exposed to Bt corn roots or biomass, whereas it was absent in the corresponding soils from the non-Bt corn. No signiÞcant difference was found in the amount of protein recovered in soil from the pots (amount detected, P ϭ 0.0512; amount corrected, P ϭ 0.0512), soil from the earthworm guts (amount detected, P ϭ 0.1730; amount corrected, P ϭ 0.1747), and soil from the earthworm excreta (amount detected, P ϭ 0.3733; amount corrected, P ϭ 0.3929) between 12 and 33 d of root exposure (Table 2) . However, soil from the pots had signiÞcantly higher amount of Cry3Bb1 compared with soil from the earthworm guts and soil from earthworm excreta for 12 d (amount detected, P ϭ 0.0009; amount corrected, P ϭ Ͻ0.0001) and 33 d (amount detected, P ϭ Ͻ0.0001; amount corrected, P ϭ Ͻ0.0001) of root exposure (Table 2 ). There was no signiÞcant difference in amount of protein (ng/g dried soil) recovered in soil from canisters (amount detected, P ϭ 0.1283; amount corrected, P ϭ 0.1283), soil from the earthworm guts (amount detected, P ϭ 0.5873; amount corrected, P ϭ 0.6383), and soil from earthworm excreta (amount detected, P ϭ 0.1654; amount corrected, P ϭ 0.1646) between 12 and 33 d of Bt corn biomass exposure (Table 3) . However, soil from the canister had a signiÞcantly higher amount of Cry3Bb1 compared with soil from the earthworm gut and soil from earthworm excreta for 12 d (amount detected, P ϭ 0.0322; amount corrected, P ϭ Ͻ0.0001) and 33 d (amount detected, P ϭ 0.0559; amount corrected, P ϭ Ͻ0.0001) of biomass exposure (Table 3) .
Discussion
To date, three studies have been published on the effect of Bt corn hybrids expressing the Cry1Ab protein on earthworms. In this study, Bt corn hybrid (YieldGard Rootworm) produced a different protein (Cry3Bb1) that targets coleopteran insects. A major difference between corn expressing Cry3Bb1 and varieties of Bt corn that target species of Lepidoptera is the concentration of protein in various plant parts. The reported concentrations of Bt protein in tissues (roots, leaves, pollen) of corn expressing Cry3Bb1 are much higher than the Bt protein concentrations in the current transgenic Bt corn expressing Cry1 proteins (U.S. EPA 2000). These large amounts of Cry3Bb1 protein expressed in different plant tissues could pose a higher exposure risk to nontarget ground and belowground arthropods. Because the Cry3Bb1 protein is mainly expressed in the root system, earthworms will probably be more exposed to Bt proteins in the soil as they also ingest some soil. All the experiments in this study suggest there are no adverse effects of Bt corn expressing Cry3Bb1 on L. terrestris survival and weight when they are exposed to corn roots or biomass. There are two possible explanations for our results. It is likely that Cry3Bb1 protein from the Bt corn are not toxic to the L. terrestris or that the amount of Cry3Bb1 protein in soil is low and does not result in detectable biological activity. The results of our study suggest no negative effects on survival and weight resulting from ingestion of soil exposed to Bt corn and are in agreement with similar studies using the Cry1Ab protein with different short-term exposure times (Ahl Goy et al. 1995 , Saxena and Stotzky 2001 , Zwahlen et al. 2003b . These studies indicate that L. terrestris were not affected by the ingestion of soil containing Bt corn.
To avoid committing type II errors, i.e., falsely rejecting a true null hypothesis, a retrospective power analysis was conducted on nonsigniÞcant results (P Ͼ 0.05). Retrospective power analysis aims to estimate the statistical power of a hypothesis test after the test has been conducted (Gerard et al. 1998, Hogarty and Kromrey 2003) . Statistical power was computed for each experiment using the Analyst Application (SAS Institute 2003) . Inputs for the analysis included number of treatments, obtained corrected sums squares of means, obtained SD, and alpha level, i.e., ␣ ϭ 0.05. The power curve generated by Analyst Application revealed that all experiments had 99% statistical power and adequate sample size. We believe that our assay procedure and statistical analysis was sensitive enough Values are the mean Ϯ SE of four replicates. Means within the same row followed by the same lowercase letter are not signiÞcantly different for the amount detected or amount corrected between two exposure times (P Ͼ 0.05; PROC TTEST; LSMEANS; SAS Institute 2003). Means within the same column followed by the same capital letter are not signiÞcantly different for types of soils (P Ͼ 0.05; PROC GLM; LSMEANS; SAS Institute 2003).
a Amount of Cry3Bb1 protein corrected based on the extraction efÞciency of each type of soil (Fig. 3, AÐC) . ND, not detected. Values are the mean Ϯ SE of four replicates. Means within a row followed by the same lowercase letter are not signiÞcantly different for the amount detected or amount corrected between two exposure times (P Ͼ 0.05; PROC TTEST; LSMEANSl; SAS Institute 2003). Means within a column followed by the same capital letter are not signiÞcantly different for types of soils (P Ͼ 0.05; PROC GLM; LSMEANS; SAS Institute 2003).
a Amount of Cry3Bb1 protein corrected based on the extraction efÞciency of each type of soil (Fig. 3, AÐC) . ND, not detected.
to detect biologically signiÞcant differences among treatments. Bt protein may be released into soil from decaying crop residues (Zwahlen et al. 2003a) , as well as roots themselves (Saxena et al. 1999, Saxena and Stotzky 2000) , during and after the growing season. In our study, ELISA showed the presence of detectable Bt protein (Cry3Bb1) in the soil from pots containing roots and biomass of Bt corn, as well as in the soil from the gut and the excreta of earthworms exposed to roots or biomass of Bt corn expressing the Cry3Bb1 protein.
ELISA results showed that L. terrestris were being exposed to the Bt protein in both studies (root and biomass exposure) until the end of the respective exposure duration in each experiment. These results were consistent with the literature pertaining to the presence of the Cry1Ab protein in the gut and casts of earthworms grown with Bt corn and in soil amended with biomass of Bt corn containing that protein (Saxena and Stotzky 2001) . Studies with different Bt proteins suggest Bt protein may be present in root exudates or biomass, where it may bind rapidly and tightly to clays and humic material (Palm et al. 1994 , Crecchio and Stotzky 1998 , Tapp and Stotzky 1998 , Saxena et al. 1999 , Saxena and Stotzky 2000 . The authors did not address the separation of plant material from their soil samples. Their soil samples may or may not have contained some amount of decaying Bt corn tissues. However, we are not certain if the protein recovered from soil in our experiments came from tiny root hairs, decaying tissue, or the soil itself, because it was difÞcult to separate Þne root hairs or decaying tissues from the soil in our study. Because earthworms also may ingest organic material (such as plant residues and detritrus) rather than only soil particles, further research is needed to determine whether the presence of Bt protein is caused by root exudates or decaying plant material.
The method of protein extraction as described by Palm et al. (1994) (comparable with our study) worked effectively to detect Cry3Bb1 in soil from pots, the guts and excreta of earthworms exposed to roots or biomass of Bt corn. In our study, the efÞciency of Cry3Bb1 extraction ranged from 15.23 to 48.48% (soil from pots), 19.89 to 49.30% (soil from earthworm gut), and 20.70 to 42.88% (soil from earthworm excreta) when puriÞed Cry3Bb1 protein was incorporated at different concentrations in soil from pots and the gut and excreta of earthworms. The extraction efÞciency was high in the soil incorporated at higher rates compared with lower rates of Cry3Bb1 protein. The amount of extraction varies with the soil type because of clay content, humic substances, and the concentration of the protein in the soil. Once the Bt protein is bound to clay particles and humic substances, it seems to become more difÞcult to extract Bt protein from soil for qualitative analyses (Zwahlen et al. 2003a) . Our results are in agreement with other studies using different Bt proteins when spiked in different types of soil (Cry1Ab: Palm et al. 1994 , Cry1Ac: Head et al. 2002 ).
In conclusion, transgenic Bt corn is compatible with earthworm communities in soil. However, separate studies are warranted for other species [L. rubellus (Hoffmeister), Nicodrilus longus (Ude), N. Caliginosus (Savigny), or N. nocturnus (Evans)] that are also common in the corn agroecosystem. Furthermore, the exposure time in our study represented a rather short portion of an earthwormÕs potential life span, which often exceeds several years. Future studies should examine the impact of Bt corn on other life traits and Þtness parameters because earthworms can live for more than a year. Such studies will assist us in assessing the potential impact of long-term exposure of Bt corn and crop residues incorporated in soil on earthworms. In addition, further tests are warranted under Þeld conditions with long-term use of corn hybrids expressing higher levels of Cry3Bb1 protein or a different class of Coleopteran-speciÞc insecticidal proteins than the YieldGard Rootworm evaluated in this study.
